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he Incremental Prognostic Value
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ver Myocardial Perfusion Single-Photon
mission Computed Tomography in the
rediction of Cardiac Death and All-Cause Mortality
uperiority Over 85% of Maximal Age-Predicted Heart Rate
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ory Hachamovitch, MD, MSC, FACC,†‡ Ishac Cohen, PHD,§ Daniel S. Berman, MD, FACC*†‡§
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OBJECTIVES We sought to determine whether chronotropic incompetence (CI) adds incremental value in
predicting cardiac death (CD) and all-cause mortality and to determine which marker of CI
is superior.
BACKGROUND Chronotropic incompetence, defined by either a low percent heart rate (HR) reserve achieved
or failure to achieve 85% maximal age-predicted heart rate (MA-PHR), is a predictor of
mortality. These variables have not been examined together in a comprehensive myocardial
perfusion single-photon emission computed tomographic (SPECT), or MPS, model.
METHODS A total of 10,021 patients who underwent exercise MPS, evaluated by a summed stress score
(SSS), were followed up for 719  252 days. Percent HR reserve  (peak HR  rest
HR)/(220  age  rest HR)  100, with 80% considered abnormal.
RESULTS A total of 2,956 patients (29.5%) had low %HR reserve; 1,331 (13.3%) achieved 85%
MA-PHR; and 1,296 (13.0%) had both. There were 234 deaths (93 CDs). On multivariate
analysis, the SSS, %HR reserve, and inability to achieve 85% MA-PHR were predictors of
all-cause mortality and CD (all p  0.01). Myocardial perfusion SPECT was the most
powerful predictor of CD (chi-square  50). When the %HR reserve and ability to achieve
85% MA-PHR were considered, only the former remained a predictor of CD (p  0.006 vs.
p  0.59).
CONCLUSIONS In a comprehensive MPS model, CI was an important predictor of CD and all-cause
mortality. Percent HR reserve was superior to the ability to achieve 85% MA-PHR in
predicting CD; MPS was superior to both. Combined with previous studies, the findings
suggest that %HR reserve should become the standard for assessing the adequacy of HR
response during exercise testing, and that it should be routinely incorporated in risk
stratification algorithms. (J Am Coll Cardiol 2004;44:423–30) © 2004 by the American
College of Cardiology Foundationb
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myocardial perfusion single-photon emission computed
omography (SPECT), or MPS, is a well-established prog-
See page 431
ostic marker of cardiac death (CD) (1,2). Recent publica-
ions suggest that chronotropic incompetence (CI), defined
From the *Department of Medicine (Division of Cardiology), University of
alifornia, Los Angeles, School of Medicine, Los Angeles, California; †Department
f Imaging (Division of Nuclear Medicine), ‡CSMC Burns & Allen Research
nstitute, Cedars-Sinai Medical Center, and §Division of Cardiovascular Medicine,
epartment of Medicine, Keck School of Medicine, University of Southern Califor-
ia, Los Angeles, California. This work was supported in part by a grant from
ristol-Myers Squibb Medical Imaging, Inc., Billerica, Massachusetts. This study was
resented in part at the 50th Annual Scientific Sessions of the American College of
ardiology, Orlando, Florida, March 2001. Dr. James Udelson acted as the Guest
ditor for this paper.
Manuscript received January 30, 2003; revised manuscript received February 10,004, accepted February 11, 2004.y either a low percent heart rate (HR) reserve achieved, a
easure of HR response to exercise that accounts for age
nd resting HR, or failure to achieve 85% of the maximal
ge-predicted heart rate (MA-PHR), is an independent
redictor of mortality after adjustment for clinical and
tandard exercise variables (3–8).
One study suggested that CI might be as important as
PS in the prediction of death and that the prognostic
nformation gained from %HR reserve was additive to
nformation obtained by MPS (6). However, this work
onsidered MPS as simply normal or abnormal. To date, CI
as not been compared with a comprehensive model of
PS variables.
The purpose of this study was two-fold: first, to deter-
ine whether CI adds incremental value to a comprehen-
ive model of MPS in the prediction of CD and all-cause
ortality in a large cohort of patients undergoing exercise
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Heart Rate Reserve and MPS July 21, 2004:423–30PS; and second, to determine whether %HR reserve is
uperior to the ability to achieve 85% MA-PHR in the
rediction of CD.
ETHODS
tudy population. We prospectively identified 10,793
onsecutive patients who underwent exercise MPS and who
ad no history of valvular heart disease and who were not
nder the influence of beta-blockers at the time of the
xercise study. Of this initial population, 772 patients
nderwent early revascularization, defined as revasculariza-
ion60 days after exercise testing, and were censored from
rognostic analysis. Institutional review board approval was
btained for the performance of this research at our insti-
ution, and patients gave informed consent for participating
n the research protocol.
Data on the presence of hypertension, diabetes mellitus,
ypercholesterolemia, smoking, and family history of pre-
ature coronary artery disease (CAD) were collected pro-
pectively by questioning the patients or from review of
edical records at the time of stress testing.
est thallium imaging. All patients underwent stress
ual-isotope MPS, as previously described (1,2,9). Initially,
hallium-201 (3.0 to 4.5 mCi) was injected intravenously at
est, with dose variance based on the patient’s weight. Rest
hallium imaging was initiated 10 min after injection of the
sotope. For patients with extensive rest perfusion defects,
dditional SPECT thallium-201 images were obtained 24 h
fter injection.
xercise myocardial perfusion protocol. All patients per-
ormed a symptom-limited treadmill exercise test, using the
tandard Bruce protocol, with a 12-lead electrocardio-
raphic (ECG) recording each minute of exercise and
ontinuous monitoring of leads aVF, V1, and V5. At near
aximal exercise, a 25- to 40-mCi weight-adjusted dose of
echnetium-99m sestamibi was injected, and exercise was
ontinued for 1 min after injection. Whenever possible,
atients were taken off calcium channel blockers for 48 h
nd nitrate compounds for at least 6 h before testing.
The rest ECG was considered abnormal if there were any
CG abnormalities other than sinus tachycardia, sinus
radycardia, first-degree atrioventricular block, premature
Abbreviations and Acronyms
CAD  coronary artery disease
CD  cardiac death
CI  chronotropic incompetence
HR  heart rate
MA-PHR  maximal age-predicted heart rate
MPS or SPECT  myocardial perfusion single-photon
emission computed tomography
SDS  summed difference score
SRS  summed rest score
SSS  summed stress scoretrial contractions, premature ventricular contractions, mild Pntraventricular conduction delay, or early repolarization
bnormality.
During the treadmill exercise test, HR and blood pressure
ere measured and recorded at rest, at the end of each stress
tage, and at peak stress. Exercise end points included
hysical exhaustion, severe angina, sustained ventricular
achycardia, hemodynamically significant supraventricular
ysrhythmias, or significant exertional hypotension. The
aximal degree of ST-segment change at 80 ms after the J
oint on the ECG was measured and assessed as horizontal,
psloping, or downsloping.
Estimated exercise capacity in metabolic equivalents
METs) was obtained using previously published tables
10). Subjects were subclassified into two groups according
o their exercise duration (6 min [7 METs] and 6 min
7 METs]) to broadly classify patients with poor and
oderate to superior exercise tolerance, respectively (11).
PECT acquisition protocol. The SPECT studies were
erformed, as previously described, with a circular or ellip-
ical 180° acquisition for 64 projections at 20 to 25 s/pro-
ection for thallium-201 and at 15 to 25 s/projection for
echnetium-99m sestamibi (2). All images were subject to
uality-control measures, as previously described (12), in-
luding cinematic display for assessment of patient motion
13) and corrections for field nonuniformity and center of
otation. The projection data were reconstructed into tomo-
raphic transaxial images using filtered backprojection and
utomatic reorientation. No attenuation or scatter correc-
ion was used.
mage interpretation. The MPS images were visually as-
essed using a 20-segment model of the left ventricle and a
-point scoring scale (0  normal; 4  absent uptake) (2).
he summed stress score (SSS) and summed rest score
SRS) were calculated as previously described (1). The
ummed difference score (SDS), representing the amount of
eversible perfusion defect, was calculated by subtracting
RS from SSS. A negative SDS (rest score  stress score)
as set at 0. The MPS results were subdivided by SSS as
ollows: 4 (normal); 4 to 8 (mildly abnormal); 9 to 13
moderately abnormal); and 13 (severely abnormal).
alculation of %HR reserve and ability to achieve 85%
A-PHR. Chronotropic incompetence was defined by
ither the failure to achieve 85% MA-PHR (MA-PHR
efined as 220 age) or as low %HR reserve. The following
quation was used: %HR reserve  ([peak HR  rest
R]/[MA-PHR  rest HR]) 100 (14). A low %HR
eserve was defined as 80% (3,6).
atient follow-up. Patient follow-up was performed by a
cripted telephone interview by research staff blinded to the
atients’ test results. Events were defined as either CD, as
oted and confirmed by a review of the death certificate and
ospital chart or physician’s records, or nonfatal myocardial
nfarction, as evidenced by the appropriate combination of
ymptoms, ECG, and enzyme changes. All-cause mortality
as defined by any death occurring during follow-up.
atients were followed up for 719  252 days (median 677
d
s
S
w
B
v
c
A
d
u
m
t
u
V
f
h
d
g
i
p
s
t
a
p
v
c
m
f
s
w
i
r
b
t
R
P
c
p
2

interve
425JACC Vol. 44, No. 2, 2004 Azarbal et al.
July 21, 2004:423–30 Heart Rate Reserve and MPSays, range 355 to 3,297 days; median 682 days for
urvivors; 96.4% complete).
tatistical analysis. Comparisons between patient groups
ere performed by use of one-way analysis of variance (with
onferroni correction where appropriate) for continuous
ariables and the chi-square test for categorical variables. All
ontinuous variables are expressed as the mean value  SD.
value p  0.05 was considered significant.
The Cox proportional hazards model (SPSS for Win-
ows, Version 11.0, SPSS Inc., Chicago, Illinois) identified
nivariate and multivariate predictors of CD and overall
ortality and was used to construct survival curves. Selec-
ion of variables for entry consideration was based on both
nivariate statistical significance and clinical judgment.
ariables initially included in the model were age, gender,
amily history of premature CAD, hypertension, smoking,
ypercholesterolemia, diabetes mellitus, previous myocar-
ial infarction, previous angioplasty, previous bypass sur-
ery, calcium channel blocker use, resting ECG abnormal-
ties, resting HR, exercise duration, exercise-induced chest
ain, and exercise-induced ischemic ST-segment depres-
ion.
Table 1. Baseline Characteristics as a Function
HR Reserve <
(n  2,956)
Mean age (yrs) 64.8  11.8
Males (%) 59.4%
Resting HR (beats/min) 71.2  13.5
Hypertension 1,448 (49%)
Diabetes 495 (16.7%
Smokers 468 (15.8%
Hyperlipidemia 1,360 (46.0%
Family history of CAD 663 (22.4%
Abnormal rest ECG 1,995 (67.5%
MI by history or ECG 759 (25.7%
History of PCI 445 (15.1%
History of CABG 446 (15.1%
Data are presented as the mean value  SD or number (%)
CABG coronary artery bypass graft surgery; CAD co
MI  myocardial infarction; PCI  percutaneous coronary
Table 2. Baseline Characteristics as a Function
Heart Rate
<85% MA-PH
(n  1,331
Mean age (yrs) 63.7  13.4
Males (%) 63.0%
Resting HR (beats/min) 67.5  12.8
Hypertension 655 (49.2%
Diabetes 227 (17.1%
Smokers 230 (17.2%
Hyperlipidemia 579 (53.1%
Family history of CAD 319 (24.0%
Abnormal rest ECG 919 (69.0%
MI by history or ECG 421 (31.6%
History of PCI 227 (17.1%
History of CABG 237 (17.8%
Data are presented as the mean value  SD or number (%)
MA-PHR  maximal age-predicted heart rate; other abbreviatAfter the Cox proportional hazards model most predic-
ive of CD was determined, MPS data, %HR reserve, and
bility to reach 85% MA-PHR were added to each Cox
roportional hazards model to determine the incremental
alue of each variable. A conservative value of p  0.01 was
onsidered significant for entry into the final model to
inimize spurious covariates. Using this vigorous threshold
or entry into the model, no interactions were statistically
ignificant to enter the final model. All model assumptions
ere tested, including those of proportional hazards, linear-
ty, additivity, multiplicity, and collinearity. Predicted events
ates were based on hazard scores generated for each patient,
ased on the Cox proportional hazards model presented in
he current report.
ESULTS
atient characteristics. The baseline and stress test (in-
luding exercise and MPS) characteristics of the 10,021
atients enrolled in this study are summarized in Tables 1,
, 3, and 4. Patients with either a low %HR reserve or
85% MA-PHR were older and had a higher prevalence of
ercent Heart Rate Reserve Achieved
HR Reserve >80%
(n  7,065) p Value
61.3  12.2 0.001
66.3% 0.001
69.3  13.5 0.001
2,632 (37.2%) 0.001
590 (8.4%) 0.001
838 (11.9%) 0.001
3,266 (46.2%) 0.42
1,825 (25.8%) 0.001
3,832 (54.2%) 0.001
995 (14.1%) 0.001
754 (10.7%) 0.01
711 (10.1%) 0.01
ients.
artery disease; ECG electrocardiogram; HR heart rate;
ntion.
bility to Reach 85% Maximal Age-Predicted
>85% MA-PHR
(n  8,690) p Value
62.1  12.0 0.001
64.5% 0.33
70.2  13.6 0.001
3,423 (39.2%) 0.001
858 (9.9%) 0.001
1,076 (12.3%) 0.001
4,047 (46.6%) 0.40
2,169 (25.0%) 0.45
4,908 (56.5%) 0.001
1,333 (15.3%) 0.001
972 (11.2%) 0.01
920 (10.6%) 0.01
ients.of P
80%
)
)
)
)
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Heart Rate Reserve and MPS July 21, 2004:423–30ypertension, diabetes, smoking, previous MI, and abnor-
al rest ECG (all p  0.001). Regarding stress test
haracteristics (Tables 3 and 4), they had a higher resting
R, lower peak HR, shorter exercise duration, and higher
ncidence of exertional hypotension, as compared with
atients with normal HR responses (all p  0.001). Re-
arding MPS variables, patients with abnormal HR re-
ponses had a higher SSS, SRS, and SDS (all p  0.001).
he baseline and stress test characteristics of patients with
n inability to reach 85% MA-PHR were similar to those
ith a low %HR reserve, with the exception of gender, a
amily history of CAD, and a gender-related difference in
xercise duration.
Table 5 demonstrates the relationship between %HR
eserve and the ability to reach 85% MA-PHR. There were
,956 patients with a low %HR reserve and 1,331 patients
ith an inability to reach 85% MA-PHR. Of those patients
ho were unable to reach 85% MA-PHR, 97.4% (1,296 of
,331) also had a low %HR reserve. Conversely, of those
atients with a low %HR reserve, only 43.8% (1,296 of
,956) were unable to reach 85% MA-PHR (p  0.001).
utcomes. There were 234 deaths, of which 93 were
ardiac. There were 145 myocardial infarctions. Figures 1
nd 2 demonstrate overall survival and survival free of CD as
function of MPS (when considered as normal vs. abnor-
Table 3. Exercise and Myocardial Perfusion SP
Rate Reserve
HR Reserve <
(n  2,95
Exercise duration (min) 6.4  2.
Men 7.0  2.
Women 5.5  2.
Peak HR (beats/min) 129.4  14
Peak systolic BP (mm Hg) 167.9  44
Ischemic ECG changes 473 (21.3%
Exertional hypotension 113 (3.8%
Summed stress score 6.5  9.
Summed rest score 2.5  6.
Summed difference score 3.9  4.
Data are presented as the mean value  SD or number (%)
BP  blood pressure; SPECT  single-photon emission
Table 4. Exercise and Myocardial Perfusion SP
Reach 85% Maximal Age-Predicted Heart Rat
<85% MA-
(n  1,33
Exercise duration (min) 6.7  2
Men 7.3  2
Women 5.8  2
Peak HR (beats/min) 123.4  1
Peak systolic BP (mm Hg) 164.0  4
Ischemic ECG changes 239 (21.3
Exertional hypotension 70 (5.3)
Summed stress score 7.9  1
Summed rest score 3.1  7
Summed difference score 3.9  6
Data are presented as the mean value  SD or number (%)
Abbreviations as in Tables 1 to 3.al) and either %HR reserve (Fig. 1) or ability to achieve
5% MA-PHR (Fig. 2).
ardiac death. For the end point of CD, when considered
eparately, a low %HR reserve and inability to achieve 85%
A-PHR were independent predictors of CD, even after
djustment for SSS (p 0.001 and p 0.006, respectively).
owever, when these variables were both included in the
odel, the inability to reach 85% MA-PHR was no longer
n independent predictor of CD (p  0.59), whereas a low
HR reserve remained an independent predictor of CD (p
0.006). In fact, of the 35 patients with an inability to
each 85% MA-PHR but with a normal %HR reserve, there
ere no CDs.
In the final model, SSS was the most powerful predictor
f CD (chi-square  50.0), followed by a low %HR reserve
chi-square 11.7), resting ECG abnormalities (chi-square
10.5), age (chi-square  10.0), exercise duration (chi-
quare  9.7), and resting HR (chi-square  6.3). When
DS and SRS were used instead of SSS, the significant
redictors were SDS (chi-square  33.7), followed by SRS
chi-square  28.6), low %HR reserve (chi-square  11.3),
esting ECG abnormalities (chi-square  10.6), exercise
uration (chi-square  9.4), age (chi-square  9.4), and
esting HR (chi-square  6.9).
The prognostic information gained from MPS and %HR
Characteristics Based on Percent Heart
HR Reserve >80%
(n  7,065) p Value
7.5  2.8 0.001
8.3  2.7 0.001
5.9  2.2 0.001
154.2  14.2 0.001
177.5  35.2 0.001
1,665 (16.0%) 0.001
113 (1.6%) 0.001
3.4  7.0 0.001
1.2  4.5 0.001
2.2  4.6 0.001
ients.
uted tomographic; other abbreviations as in Table 1.
Characteristics as a Function of Ability to
>85% MA-PHR
(n  8,690) p Value
7.2  2.7 0.001
8.0  2.7 0.001
5.8  2.2 0.84
150.5  15.3 0.001
176.2  36.8 0.001
1,899 (18.0%) 0.001
156 (1.8) 0.001
3.8  7.3 0.001
1.3  4.7 0.001
2.2  4.6 0.001
ients.ECT
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July 21, 2004:423–30 Heart Rate Reserve and MPSeserve was additive when MPS was considered as either
ormal or abnormal (Fig. 1). Patients with a normal %HR
eserve and normal MPS had a very low risk of CD (0.2%).
atients with either a low %HR reserve or abnormal MPS
ere at increased risk of CD, although having an abnormal
PS alone carried a greater risk of CD at two years, as
ompared with having a low %HR reserve alone (0.7% vs.
.4%, p 0.001). Patients with both an abnormal MPS and
ow %HR reserve had the highest risk of CD (3.5%, p 
.001).
Adjusted (predicted) risk of CD and all-cause mortality,
s a function of %HR reserve and MPS categories, is shown
n Figure 3. There was an increasing incidence of CD as a
unction of worsening MPS category (p  0.001), with
urther stratification within SSS categories by %HR reserve
able 5. Relationship Between Percent Heart Rate Reserve
chieved and Ability to Reach 85% Maximal Age-Predicted
eart Rate
HR Reserve
<80%
HR Reserve
>80% Total
85% MA-PHR 1,296 35 1,331
85% MA-PHR 1,660 7,030 8,690
Total 2,956 7,065 10,021
appa statistic  0.52.
Abbreviations as in Tables 1 and 2.
igure 1. Survival free of cardiac death (CD) (A) and overall survival (B)
s a function of percent heart rate reserve (%HR-R) and myocardial
erfusion single-photon emission computed tomography (MPS) result.2bnl  abnormal; NL  normal.p 0.05). Patients with a normal %HR reserve had a1%
D rate over the follow-up period, even with a moderately
bnormal SSS; patients achieving 85% MA-PHR with a
oderately abnormal SSS category did not reach this very
ow risk and had a 1% CD rate.
Figure 4 shows adjusted (predicted) survival free of CD,
s well as overall survival, as a function of exercise capacity
nd %HR reserve. Patients who were able to exercise
6 min of the standard Bruce protocol (7 METs) and also
ad a normal %HR reserve were at extremely low risk of CD
0.3%), whereas those who exercised6 min (7 METs) and
ad a low %HR reserve were at highest risk of CD (2.6%).
ll-cause mortality. For the outcome of all-cause mortal-
ty, a low %HR reserve and inability to achieve 85%
A-PHR were independent predictors (p  0.001). Four
odels were evaluated. In the model including SSS and
HR reserve, age was the most powerful predictor of
ll-cause mortality (chi-square  43.1), followed by SSS
chi-square  23.7), exercise duration (chi-square  21.1),
ow %HR reserve (chi-square  20.0), resting HR (chi-
quare  19.6), resting ECG abnormalities (chi-square 
1.7), and gender (chi-square  6.2). In the model using
DS and SRS (instead of SSS) and %HR reserve, the
ignificant predictors of all-cause mortality were age (chi-
quare  42.7), followed by exercise duration (chi-square 
igure 2. Survival free of cardiac death (CD) (A) and overall survival (B)
s a function of the ability to achieve 85% maximal age-predicted heart rate
MPHR) and myocardial perfusion single-photon emission computed
omography (MPS) result. Abnl  abnormal; NL  normal.1.1), low %HR reserve (chi-square  19.8), resting HR
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Heart Rate Reserve and MPS July 21, 2004:423–30chi-square  19.8), SRS (chi-square  14.2), SDS (chi-
quare  12.2), resting ECG abnormalities (chi-square 
1.6), and gender (chi-square  6.8).
In the model considering SSS and inability to achieve
5% MA-PHR (instead of %HR reserve), age was the most
owerful predictor of all-cause mortality (chi-square 
5.7), followed by resting HR (chi-square  25.5), exercise
uration (chi-square  22.0), SSS (chi-square  22.0),
nability to achieve 85% MA-PHR (chi-square  21.5),
esting ECG abnormalities (chi-square 13.0), and gender
chi-square  5.9). Finally, when an inability to achieve
5% MA-PHR was considered along with SDS and SRS
instead of SSS), the significant predictors were age (chi-
quare  45.3), followed by resting HR (chi-square 
5.7), exercise duration (chi-square  21.9), inability to
chieve 85% MA-PHR (chi-square  21.1), SRS (chi-
quare  13.4), resting ECG abnormalities (chi-square 
2.8), SDS (chi-square  11.1), and gender (chi-square 
.7).
yocardial infarction. Although a low %HR reserve and
nability to achieve 85% MA-PHR were univariate predictors
f myocardial infarction (p 0.01 and p 0.02, respectively),
either marker was an independent predictor of myocardial
nfarction in multivariate modeling. The final predictors of
yocardial infarction in the final model were SSS (chi-
igure 3. Adjusted risk of cardiac death (CD) (A) and all-cause mortality
B) as a function of percent heart rate (HR) reserve and summed stress
core (SSS) categories. p  0.001 across myocardial perfusion single-
hoton emission computed tomography (MPS) categories; p 0.05 within
PS category for low versus normal %HR reserve.quare 68.8), diabetes mellitus (chi-square 12.3), exercise suration (chi-square  11.0), chest pain during exercise stress
chi-square 10.0), age (chi-square 8.0), and family history
f CAD (chi-square  5.7).
alcium channel blockers. For the end points of CD,
verall mortality, and myocardial infarction, the results
emained unchanged for a low %HR reserve and inability to
chieve 85% MA-PHR, when adjusted for the use of
alcium channel blockers.
ISCUSSION
utcomes. In a large cohort of patients undergoing exer-
ise MPS, we have demonstrated that CI, as defined by
ither a low %HR reserve or inability to achieve 85%
A-PHR, was an independent predictor of CD and
ll-cause mortality, even after adjustment for the univariate
redictors of these events, including SSS. Additionally,
hile SSS was a more powerful predictor, %HR reserve
dded incremental value in the prediction of CD and
ll-cause mortality when combined with SSS. Myocardial
erfusion SPECT was superior to %HR reserve in the
rediction of CD, even when MPS was interpreted as either
ormal or abnormal.
Differentiating between all-cause mortality and cardiac
eath, as we have done in this study, adds clinically relevant
nformation. In our population, 40% of deaths were attrib-
table to cardiac death. Although all-cause mortality is
onsidered the most unbiased measure of outcome, patients
re generally referred for exercise testing to assess cardiac
igure 4. Adjusted risk of cardiac death (CD) (A) and all-cause mortality (B)
s a function of percent heart rate reserve and exercise capacity. p  0.001
cross exercise capacity categories; p 0.05 within exercise tolerance category
or low versus normal %HR reserve. MET  metabolic equivalent.ymptoms and risk of cardiac events. Further work-up and
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July 21, 2004:423–30 Heart Rate Reserve and MPSreatment of patients undergoing exercise testing, including
hoice of medical therapy or need for coronary angiography/
evascularization, are often predicated on the patient’s esti-
ated risk of adverse cardiovascular outcomes.
The %HR reserve further risk-stratified patients within
ach SSS category. Patients who had a normal SSS were at
ow risk of CD irrespective of %HR reserve; however, if the
HR reserve was normal, the risk of CD was extremely low
0.1%/year). In those with an abnormal %HR reserve,
lthough the risk was higher (p 0.01), it was still less than
.5%/year. Patients in the mild to moderate SSS categories
ho had a normal %HR reserve had a very low CD risk that
as comparable to the incidence of CD observed in patients
ith a normal MPS study. As demonstrated in Figure 3A,
ased on a CD risk threshold of 1% over two years, where
atients would be at very low risk of CD and would not be
xpected to benefit from referral for coronary angiography,
,169 patients in the mild and moderately abnormal MPS
ategories (11.7% of total population, 62.0% of those in
hese two MPS categories) are reclassified as very low risk if
he %HR reserve is normal. It is important to note that this
dditional clinical information is derived at no additional
ost or effort, and all the variables needed for the derivation
f %HR reserve are routinely measured during standard
xercise testing.
Although patients with severely abnormal SSS and nor-
al %HR reserve were at lower risk of CD compared with
atients with severely abnormal SSS and a low %HR reserve
2.4% vs. 5.1%, p  0.05), they remained at intermediate to
igh risk of CD and should be considered for coronary
ngiography/revascularization.
ow %HR reserve versus inability to achieve 85% MA-
HR as a measure of CI. Multivariable analysis showed
hat %HR reserve was superior to the ability to reach 85%
A-PHR in the identification of patients at risk of CD.
atients with a normal %HR reserve had a 1% CD rate
ver the follow-up period, even with a moderately abnormal
SS; in contrast, if achieving85% MA-PHR were used as
he low-risk exercise criterion, patients in the moderately
bnormal SSS category demonstrated a 1% CD rate.
here were 2.2 times as many higher risk individuals
dentified using the %HR reserve variable. Whereas 97.4%
f patients with an inability to reach 85% MA-PHR had a
ow %HR reserve, only 43.8% of patients with a low %HR
eserve achieved 85% MA-PHR. In addition, of the 2.6%
35 of 1,331) of patients with an inability to reach 85%
A-PHR but with a normal %HR reserve, there were no
Ds, thus underscoring the superior prognostic information
ained from %HR reserve in this population. The reason
hat the %HR reserve identifies a larger subset of patients at
isk of CD who would not be identified by simple assess-
ent of the ability to achieve 85% MA-PHR is that it
ccounts for resting HR in addition to age and peak HR.
or example, a 70-year-old patient with a resting HR of 90
eats/min, who exercises only 2 min of a modified Bruce
rotocol limited by shortness of breath and who achieves a ceak HR of 130 beats/min, would have reached 85%
A-PHR. However, common clinical sense would suggest
hat the ability to achieve 85% MA-PHR does not appro-
riately identify this patient as being at low risk. The %HR
eserve in this same patient would be: (130 90)/(220 70
90)  0.67. This patient would be appropriately identi-
ed as high risk by the %HR reserve variable and not by the
bility to reach 85% MA-PHR variable. Conversely, a
oung 20-year-old athlete with a resting HR of 50 beats/
in, who exercises 15 min of a Bruce protocol and achieves
peak HR of 160 beats/min, would not have achieved his or
er 85% MA-PHR of 170 beats/min. However, this same
atient would have a %HR reserve of: (160  50)/(220 
0  50)  0.9, which is well within normal limits and
ould be classified appropriately as low risk.
otential mechanisms. Several potential mechanisms
ould account for the association between CI and CD. First,
t has been demonstrated in this study as well as previous
tudies that CI is a marker for CAD (5,6,15–18). Patients
ith CI had significantly higher SSS, SDS, and SRS values
s compared with patients with normal HR responses.
owever, even after adjustment for the perfusion defects on
PS, CI was still an independent predictor of CD. It is
ossible that CI is still a marker for CAD that is not
etected by either ST-T segment abnormalities on exercise
esting or MPS. Concordant with these findings, Chin et al.
15) evaluated 53 patients with CI and no ST-segment
bnormalities after maximal treadmill testing with coronary
ngiography and found that 72% of these patients had
ignificant angiographic CAD. Also, a recent study by
rener et al. (18) demonstrated that CI is predictive of the
everity of angiographic CAD.
Additionally, patients with CI may have an increased
ortality independent of the risk associated with CAD
5,6,19). This finding is supported by a recent study by
resing et al. (19), who demonstrated that CI was predic-
ive of all-cause mortality in patients without severe angio-
raphic CAD, as defined by the Duke CAD Prognostic
eight Score.
However, the specific mechanisms leading to an increased
ncidence of mortality in patients with CI, independent of
he risk associated with CAD, have not been elucidated. It
s possible that CI may be a marker for autonomic dysfunc-
ion, which in turn leads to an increase in mortality similar
o that observed in patients with congestive heart failure
20). Analogies have been drawn between the increased
ortality observed with CI and that seen with decreased
eart rate variability (3,21). It is possible that both of the
echanisms already outlined contribute to the observed
elationship between CI and CD.
tudy limitations. This study is a large observational study
nd not a randomized clinical trial. We did not adjust for
ate revascularizations in our study. Although data on the
se of calcium channel blockers and beta-blockers are
omplete, we did not have such data on the use of aspirin,
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Heart Rate Reserve and MPS July 21, 2004:423–30tatins, or angiotensin-converting enzyme inhibitors; these
edications are known to affect cardiovascular outcomes.
In our study, a low %HR reserve was superior to an
nability to achieve 85% MA-PHR and identified 2.2 times
s many individual at increased risk of CD. However, as a
outine in our exercise laboratories, exercise is not consid-
red adequate unless the patient achieves at least 85%
A-PHR. If this target heart rate is not achieved, patients
re generally converted over to pharmacologic stress and
hus are not part of the prognostic analysis in the exercise
ohort. This could introduce a bias, where the number of
ndividuals with an inability to achieve 85% MA-PHR
ould be reduced relative to those with low %HR reserve.
owever, in an earlier study by Lauer et al. (6) in which
atients were exercised until exhaustion or limiting symp-
oms (fatigue was the reason for termination in 95% of
atients without CI and in 83% of patients with CI), there
ere 2.4 times as many patients with CI identified using a
ow %HR reserve compared with an inability to achieve 85%
A-PHR. Also, as we have demonstrated in this report, of
ll patients with an inability to achieve 85% MA-PHR,
97% will also have a low HR reserve.
onclusions. Chronotropic incompetence, as determined
y either a low %HR reserve or an inability to achieve 85%
A-PHR, is an important predictor of CD and all-cause
ortality. We have demonstrated, for the first time, that CI
dds incremental value when combined with a comprehen-
ive MPS model. The %HR reserve is superior to an
nability to achieve 85% MA-PHR in identification and risk
tratification of patients at increased risk of CD.
Submaximal tests (i.e., exercise tests where patients have
chieved a low %HR reserve) are not merely submaximal
ut are actually quite meaningful. Patients with CI, as
ssessed by %HR reserve, are at substantially increased risk
f CD and all-cause mortality. This finding underscores the
mportance of obtaining symptom-limited tests and not
erely stopping the exercise test because the patient has
chieved an arbitrary heart rate.
Our study suggests that the additional prognostic infor-
ation gained from calculation of %HR reserve in patients
ndergoing exercise stress testing may have implications
egarding further evaluation and management of these
atients. Combined with previous studies (6), the findings
uggest that %HR reserve should become the standard for
ssessing the adequacy of HR response during exercise
esting and that it should be routinely incorporated in risk
tratification algorithms.
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